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Entangling distant solid-state spins via thermal phonons
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The implementation of quantum entangling gates between qubits is essential to achieve scalable
quantum computation. Here, we propose a robust scheme to realize an entangling gate for dis-
tant solid-state spins via a mechanical oscillator in its thermal equilibrium state. By appropriate
Hamiltonian engineering and usage of a protected subspace, we show that the proposed scheme is
able to significantly reduce the thermal effect of the mechanical oscillator on the spins. In par-
ticular, we demonstrate that a high entangling gate fidelity can be achieved even for a relatively
high thermal occupation. Our scheme can thus relax the requirement for ground-state cooling of
the mechanical oscillator, and may find applications in scalable quantum information processing in
hybrid solid-state architectures.
PACS numbers: 03.67.Ac, 37.10.Vz, 75.10.Pq
I. INTRODUCTION
Quantum entanglement is one of the most fascinating
aspects of quantum theory [1–3]. Moreover, it is also a
valuable resource for various types of quantum technolo-
gies, such as quantum communication [4–8], quantum
metrology [9] and quantum computation [10–12]. The
generation of quantum entanglement is thus an essen-
tial task in quantum information processing. In partic-
ular, it is exceedingly challenging to entangle qubits at
a large distance, e.g. due to the lack of strong inter-
actions. For example, the direct coupling between two
solid-state spins at a distance on the order of microme-
ters via their magnetic dipole-dipole interaction is negli-
gible given the constraint of their coherence time. The
ability of entangling two such distant qubits thereby be-
comes an important goal to pursue on the road towards
the implementation of large scale quantum information
processing.
Hybrid optomechanical and atomic systems offer an
appealing way to entangle distant atomic qubits in solid-
state systems [13]. The essential idea is to realize indirect
coupling between quantum systems via the vibrational
mode of a mechanical oscillator, which serves as a me-
diator. For example, the interaction between nitrogen-
vacancy (NV) center spin qubits in diamond and a can-
tilever can be induced by strain or a magnetic field gra-
dient [14–18]. The idea can also be generalized to novel
types of mechanical oscillators, such as graphene sheets
and nanotubes [19]. In previous proposals, it is usually
assumed that the mechanical oscillator is cooled down
close to its motional ground state [13–19]. Although it is
in general possible to reach average phonon numbers as
low as n¯ ≈ 0.2, e.g., by resolved side-band cooling [20–
24], it imposes stringent requirements and a large ex-
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perimental overhead to achieve such a cooling efficiency.
Unless the mechanical oscillator is cooled to its ground
state the thermal effects of its motion will inevitably de-
grade the fidelity of the entangling gate between distant
two-level quantum systems and severely limit its scala-
bility. We remark that the celebrated Sørensen-Mølmer
gate provides a way to achieve robust coupling between
trapped ions in thermal motion based on a laser config-
uration with specific tunings [25].
To overcome this challenge, here we propose to en-
gineer a decoherence-free subspace (DFS) with suitable
driving fields [26] to realize an entangling gate between
distant solid-state spins. The logical qubit, which is en-
coded in the DFS of two quantum systems, becomes
much less susceptible to the phonon number of the me-
chanical oscillator. We theoretically demonstrate that
the thermal effect from the mechanical oscillator can be
significantly suppressed, and that a high fidelity entan-
gling gate can be realized even for a relatively high aver-
age phonon number of the mechanical oscillator. The
present result applies to general hybrid systems com-
posed of atomic systems and mechanical oscillators, in-
cluding nitrogen-vacancy centers in diamond and can-
tilevers (or nanotubes). Our proposal may thereby find
applications in both the generation of large scale entan-
gled states for quantum metrology and scalable quantum
computation.
II. MODEL
The system we consider consists of solid-state spins,
which are in close proximity to a mechanical oscillator.
The oscillator’s frequency is given by ν and the displace-
ment from its equilibrium position is denoted by z. The
two-level spins, labeled by k, have ground states |g〉k, ex-
cited states |e〉k, and an additional auxiliary state |a〉k.
Furthermore, an external field, detuned from individual
spin resonances by ∆k, drives the spin transitions with a
Rabi frequency Ωk. A schematic picture of the system is
2(a) (b)
FIG. 1: (a) Coupling of two distant quantum systems (e.g.,
NV centers in diamond) via a mechanical oscillator (e.g., a
graphene sheet). (b) The energy levels of the spin systems
driven by a field Ω with detuning ∆.
shown in Fig. 1.
The motion of the oscillator induces a position-
dependent magnetic field acting on the spin system,
thereby coupling the vibrational and the spin degrees of
freedom. The total Hamiltonian of the hybrid system, in
the frame rotating with the driving field frequency, can
be written as [14]
H = HA +HM +HI. (1)
Here, the atomic spin Hamiltonian HA, here written
without the auxiliary state, is given by
HA =
∑
k
~∆k
2
σ(k)z +
∑
k
~Ωk
2
σ(k)x (2)
with the Pauli operators σ
(k)
z = |e〉k〈e| − |g〉k〈g| and
σ
(k)
x = |e〉k〈g|+ |g〉k〈e|. The mechanical oscillator Hamil-
tonian HM reads
HM = ~νa
†a (3)
with the annihilation and creation operators a and a†,
respectively. In a linear approximation the interaction
HI between the magnetic field emanating from the me-
chanical oscillator and the spin system is of the form
HI =
∑
k
~gk(a+ a
†)σ(k)z , (4)
where the coupling constants gk are proportional to the
field gradient along the z direction evaluated at the dis-
tance between the oscillators equilibrium position and
the kth spin. In the next step, we exchange the spin
basis by the transform σz ↔ σx and perform a rotating
wave approximation to obtain a Tavis-Cummings type
Hamiltonian [27] of the form
H =
∑
k
~Ωk
2
σ(k)z +
∑
k
~∆k
2
σ(k)x + ~νa
†a
+
∑
k
~gk
[
aσ
(k)
+ + a
†σ
(k)
−
]
, (5)
where we introduced the atomic raising and lowering op-
erators σ
(k)
± = |±〉k〈∓|, respectively. Here, the states
|±〉 = [|e〉 ± |g〉]/√2 denote the eigenstates of the new
σz, i.e. they are in fact the eigenstates of σx in the orig-
inal picture.
Before we continue to elaborate the details of our
scheme, we briefly comment on a possible experimental
realization of this system. As solid-state spins one could
use NV centers in diamond. In this case, one can real-
ize the required level scheme in the ground-state triplet
with the states |g〉 = |ms = −1〉, |e〉 = |ms = +1〉, and
|a〉 = |ms = 0〉. Here, a static magnetic field along the
NV-center’s z axis can be used to tune the energy of the
states, the |g〉-|e〉 transition could be driven in a Raman
configuration, and optical spin polarization allows for an
easy preparation of the state |a〉. The mechanical oscil-
lator on the other hand can be realized, for example, by
a graphene sheet carrying a direct current, thereby pro-
viding the magnetic field, which couples to the spins, see
Fig. 1(a). We note that in our model we assume that the
spatial distribution of spins and the mode shapes of the
vibrations are such that the spins only couple strongly to
a single mode among the manifold of vibrational modes
present in such a geometry [28, 29], allowing for a single-
mode approach. This kind of architecture would thereby
allow for coupling in a two-dimensional array, contrary to
realizations with nanotubes. For exemplary experimental
parameters we refer to the discussion in Sec. VI.
III. EFFECTIVE SPIN-SPIN COUPLING
The system introduced above allows to achieve a cou-
pling between the otherwise uncoupled spins which is me-
diated by the mechanical oscillator [25, 30]. This cou-
pling is best accomplished in the dispersive regime [31,
32], i.e., the far off-resonant regime where the detuning
of the energy splitting of the spins from the oscillator
frequency is much larger than their coupling to the os-
cillator. Considering the Hamiltonian (5) this is the case
for gk/δk ≪ 1, with the pseudo-detuning δk = Ωk − ν.
A. Coupling two spins
In this regime one can derive an effective Hamilto-
nian in different orders of gk/δk [30, 35, 36]. We restrict
ourselves to the case of two spins, and the same per-
turbative treatment in the small parameter ∆k/Ωk can
be applied. In addition to the zeroth-order Hamiltonian
H0 =
∑
k ~δkσ
(k)
z /2, we thereby obtain the second-order
effective Hamiltonian
H
(2)
eff =
∑
k=1,2
[
~∆¯k
2
+
~g2k
2δk
(2a†a+ 1)
]
σ(k)z
+
~g1g2(δ1 + δ2)
2δ1δ2
[
σ
(1)
+ σ
(2)
− + σ
(1)
− σ
(2)
+
]
. (6)
More details on the derivation can be found in Ap-
pendix A. Here, the first term with ∆¯k = ∆
2
k/2Ωk is
3the usual ac Stark shift due to the driving fields, where
the role of detuning and Rabi frequency have been in-
terchanged because of the change of basis from σz to
σx. The second term constitutes a phonon-number de-
pendent Stark shift originating in the spin-oscillator in-
teraction. As can be seen from this second term in the
Hamiltonian, fluctuations of the phonon number induce
an energy fluctuation of the spins and thereby cause de-
phasing.
Taking into account the non-uniform coupling gk, one
can always choose suitable values of δk such that g
2
1/δ1 =
g22/δ2 is fulfilled by appropriately adjusting the Rabi fre-
quencies. In the same manner, one could also ensure
∆¯1 = ∆¯2 by tuning the resonance frequencies of the spins
or the driving field frequency. Without loss of generality,
we therefore assume gk = g and δk = δ. Assuming for
the moment a resonant drive of the spins, viz. ∆¯k = 0,
this leads to the effective Hamiltonian
H
(2)
eff = α
2
~δ
[
1
2
(2a†a+ 1)Sz + σ
(1)
+ σ
(2)
− + σ
(1)
− σ
(2)
+
]
(7)
with the operator Sz = σ
(1)
z + σ
(2)
z and the smallness
parameter α = g/δ.
In order to overcome the phonon-induced dephasing
mentioned above, we consider the subspace spanned by
the two states |0〉 = |−〉1 |+〉2 and |1〉 = |+〉1 |−〉2. The
fact that the operator Sz annihilates both these states,
viz. Sz|0〉 = Sz|1〉 = 0, warrants that up to second order
in α this subspace is fully protected from the influence
of phonon number fluctuations, i.e., up to this order the
dynamics in this subspace is independent of the temper-
ature of the oscillator and one finds effective oscillations
between |0〉 and |1〉 which are mediated by the oscillator.
The residual effects of the phonon number arise only
from higher order terms in the effective Hamiltonian.
The explicit form of the fourth order effective Hamilto-
nian in this subspace, see Appendix A, can be written
as
H
(4)
eff = −2α4~δ(2a†a+ 1)
[
σ
(1)
+ σ
(2)
− + σ
(1)
− σ
(2)
+
]
. (8)
The ratio between this fourth-order contribution and the
second-order term (7) in the protected subspace is given
by 2α2(2a†a+ 1). Therefore, the fourth order is usually
neglected in the previous literature for the case of ground-
state cooling of the oscillator, i.e., low average phonon
occupations, but this approximation may be inaccurate
for cases involving thermal phonons [25, 37].
B. Dynamics in the protected subspace
Combining Eqs. (7) and (8), we can rewrite the effec-
tive Hamiltonian in the protected subspace up to fourth
order in α in the simple form
Heff = ~δf(a
†a)ςx (9)
with the operator ςx = |1〉〈0|+ |0〉〈1| and the function
f(x) = α2 − 2α4(2x+ 1). (10)
For the case of an oscillator with a fixed initial phonon
number, i.e., an initial oscillator Fock state |n〉, this
Hamiltonian directly implies Rabi oscillations between
|0〉 and |1〉 with a modified Rabi frequency 2f(n)δ. How-
ever, a more realistic initial condition is when the oscil-
lator is in thermal equilibrium at temperature T . The
density operator of the oscillator can then be written as
µth = (1 − q)qa
†a, (11)
where the Boltzmann factor q = exp (−~ν/kBT ) is re-
lated to the mean thermal occupation of the mechani-
cal oscillator, i.e. n¯ = [exp(~ν/kBT ) − 1]−1, via q =
n¯/(n¯+ 1). If the spins are initially prepared in the state
|0〉, the effective time evolution of the full system’s den-
sity operator ̺ is formally given by
̺(t) = e−iHeff t/~µth|0〉〈0|eiHeff t/~. (12)
Using exp[iλςx]|0〉 = cos(λ)|0〉 + i sin(λ)|1〉 and the fact
that f(a†a) naturally commutes with µth yields the state
̺(t) = µth
[
cos2(f(a†a)δt)|0〉〈0|+ sin2(f(a†a)δt)|1〉〈1|
− 1
2
sin(2f(a†a)δt)ςy
]
(13)
with the operator ςy = i|1〉〈0| − i|0〉〈1|. Performing the
partial trace over the oscillator degrees of freedom, de-
noted by TrM{·}, leads to a reduced spin density operator
ρ(t) = TrM{̺(t)}. Employing the geometric series to ob-
tain
∞∑
n=0
xneiny =
1− xe−iy
1− 2x cos y + x2 (14)
and taking the real and imaginary part of this relation
yields the result
ρ(t) = F (t)|0〉〈0|+ [1− F (t)]|1〉〈1|+ S(t)ςy. (15)
Here, we have introduced the fidelity F (t) = 1/2+C(t)
to find the initial two-spin state |0〉 and the coherence
S(t). The functions C(t) and S(t) are, respectively, given
by
C(t) =
1− q
2
cos
(
g¯t
)− q cos (2[α2+2α4]δt)
1− 2q cos(8α4δt) + q2 , (16)
S(t) = −1− q
2
sin
(
g¯t
)− q sin (2[α2 + 2α4]δt)
1− 2q cos(8α4δt) + q2 (17)
with the effective Rabi frequency g¯ = 2(α2 − 2α4)δ.
In Fig. 2, we show the time evolution of the spin state
|0〉 that lies in the protected subspace, and thus suffers
only from fourth-order thermal effect of the mechanical
oscillator, which is here assumed to be in a thermal state
4FIG. 2: Comparison between the fidelity F (t) of the initial
spin state |0〉 under the exact Hamiltonian (5) and the ef-
fective Hamiltonian (9). The mean thermal occupation of
the oscillator is n¯ = 2 and the coupling to detuning ratio
is α = 1/40. The time is given in units of the Rabi period
τ = 2pi/g¯.
µth with a mean phonon number n¯ = 2. For the coupling
ratio we chose α = 1/40. The thermal effect of the me-
chanical oscillator on the spins is significantly reduced,
and the requirement on the cooling of the mechanical
oscillator to obtain high fidelities can thus be relaxed.
The deviation of the approximate time evolution from
the exact one, e.g., the absence of the small oscillations
around the Rabi oscillations in the approximate time evo-
lution, as shown in the inset of Fig. 2, has two origins:
firstly, the truncation of the dispersive transform of the
Hamiltonian, which leads to negligible discrepancies of
the order (2n¯+ 1)2α6; secondly, the fact that the initial
state has not been transformed to the dispersive frame,
see Appendix A.
IV. ENTANGLING GATE VIA A THERMAL
MECHANICAL OSCILLATOR
In the above section, it has been shown that the dy-
namics in the protected subspace, spanned by {|0〉 , |1〉},
is highly resistant against the thermal effects of the me-
chanical oscillator. In order to construct a robust entan-
gling gate U , we therefore choose to encode the logical
qubit in the two states |0〉 and |A〉, i.e., we use two spins
to encode one logical qubit. Apart from |0〉 we use the
state |A〉 = |a〉|a〉, where the states |a〉 are decoupled
from |+〉 and |−〉 [see Fig. 1(b)]. In this section, we show
how to use the system introduced above to implement an
entangling gate between two such logical qubits accord-
ing to
|0〉12|0〉34 → −|0〉12|0〉34, (18)
|0〉12|A〉34 → |0〉12|A〉34, (19)
|A〉12|0〉34 → |A〉12|0〉34, (20)
|A〉12|A〉34 → |A〉12|A〉34. (21)
Here, the notation | · 〉jk stands for the state of the logical
qubit formed by the two physical qubits j and k. The
crucial minus sign in Eq. (18) arises due to the phase flip
of the state of the state |0〉23 after one Rabi period. It
is therefore the fidelity of this Rabi oscillation, which is
discussed in detail in Secs. III B and VC, that mainly
determines the overall gate fidelity.
We note that if for the ac Stark shift term in Eq. (6) the
condition ∆¯j = ∆¯k is fulfilled, then the Rabi frequency
between the states |0〉jk and |1〉jk, up to fourth order in
α and in the absence of thermal effects, is given by g¯, see
Eqs. (15) and (16) for q = 0. In contrast, the transition
between |0〉jk and |1〉jk will be effectively suppressed if
|∆¯j− ∆¯k| ≫ g¯. Therefore, we choose the amplitudes and
frequencies of the driving fields such that
∆¯2 = ∆¯3 = 0 (22)
and
|∆¯j − ∆¯k| ≫ g¯ (23)
for all other combinations of j and k, with j, k = 1, 2, 3, 4,
which includes the conditions on the detunings of the first
and the fourth spin. In this way, it can be seen that the
engineered transition only happens for the spins 2 and 3,
see Fig. 3. If the two logical qubits are initially prepared
in the state
|ψ(0)〉 = 1
2
[(|0〉12 + |A〉12)⊗ (|0〉34 + |A〉34)] (24)
after the time τ = 2π/g¯, the state evolves into the maxi-
mally entangled state
|ψ(τ)〉 = 1
2
[
|0〉12 ⊗
(|A〉34 − |0〉34)
+|A〉12 ⊗
(|A〉34 + |0〉34)]. (25)
The initial state |ψ(0)〉 can be prepared from the state
|a〉1|a〉2 using the following steps: (i) separately ad-
dressing the |a〉-|g〉- and |a〉-|e〉 transitions of the two
spins to generate |0〉12 = |−〉1|+〉2. (ii) Since the ef-
fective Hamiltonian induces oscillations between |0〉12
and |1〉12, we can prepare the state |0〉12 + |1〉12 =
|e〉1|e〉2 − |g〉1|g〉2. (iii) Now driving the |g〉-|a〉 of both
spins creates |e〉1|e〉2+ |A〉12, from which one can prepare
|0〉12 + |A〉12. The same applies to the spins 3 and 4.
In order to validate the robustness of such an entan-
gling gate, as affected by the mean thermal phonon num-
ber n¯, we can evaluate the fidelity F (t), as given by
Eq. (15), after the approximate Rabi period τ = 2π/g¯.
Expanding C(τ), defined in Eq. (16), up to fourth order
in α yields the gate fidelity
F (τ) = 1− 16π2n¯(2n¯+ 1)α4 +O(α6). (26)
Therefore, the approximate infidelity of the entangling
gate due to thermal effects of the mechanical oscillator
reads
δFth = 16π
2n¯(2n¯+ 1)α4. (27)
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FIG. 3: (a) Architecture of a scalable spin array with one log-
ical qubit encoded in two spins (marked in red). The coupling
between two logical qubits is implemented using driving fields
with suitable amplitudes Ωk and detunings ∆k. Spins with-
out drive are decoupled from each other. (b) Rabi oscillations
between the two-qubit states |0〉 and |1〉 under resonance con-
dition (solid line), i.e. ∆¯1 = ∆¯2, and under large detuning
(dots), i.e., ∆¯1 = δ and ∆¯2 = 0. The effective coupling ration
is α = 1/40 and the thermal occupation of the oscillator is
n¯ = 2.
It can be seen that even for n¯ = 10 and α = 1/40 we have
δFth ≈ 1.3%, i.e., for a thermal state occupation number
n¯ = 10, it is still possible to reach a gate fidelity as high as
99%. For comparison, we also calculate the infidelity of
an entangling gate without adopting our scheme, which
is estimated as δF ′th = n¯/(2n¯ + 1), see Appendix B. It
thus requires the mechanical oscillator to be very close to
the ground state in order to achieve a high gate fidelity.
For example, it requires n¯ < 0.125 in order to achieve a
gate fidelity above 90%, which implies a great challenge
in experiments.
V. ANALYSIS OF DECOHERENCE EFFECTS
The main sources of decoherence in this hybrid system
of solid-state spins and mechanical oscillator are the de-
phasing of the spins and the damping of the oscillator
by its thermal environment. The dissipative dynamics
under these decoherence effects can be described by the
master equation
∂
∂t
̺(t) =
1
i~
[H, ̺(t)] +DS̺(t) +DM̺(t), (28)
where DS represents the intrinsic pure dephasing of the
spins at a rate Γ/2, as given by
DS̺ = Γ
2
(
σ(1)x ̺σ
(1)
x + σ
(2)
x ̺σ
(2)
x − 2ρ
)
. (29)
In the case of NV centers, this dephasing has its origin in
magnetic noise from nearby nuclear spins and coupling
to lattice phonons. We remark that we have previously
exchanged the σz with the σx basis and that thereby the
pure dephasing in the original σz-basis also comprises a
population decay in the σx basis. The last term including
DM describes the relaxation of the mechanical oscillator
at a rate γ given by
DM̺ =γ
2
(n¯+ 1)
(
2a̺a† − a†a̺− ̺a†a)
+
γ
2
n¯
(
2a†̺a− aa†̺− ̺aa†) (30)
We further note that in this description we neglected con-
tributions to the decoherence and decay that arise during
the transformation to the dispersive frame [30, 38, 39].
Discarding these additional contributions is valid for
Γ, γ(n¯ + 1) ≪ δ. Including the thermal dissipation of
the oscillator effectively leads to an additional collective
relaxation of the spins at a rate α2γ. This relaxation and
dephasing induced by the mechanical oscillator adds an
additional source of spin dephasing [33, 34], which may
be neglected due to the smallness of α.
The driving field plays a role of continuous dynamical
decoupling. Thus, the effective decoherence rate Γ can
generally be suppressed by two or three orders of magni-
tude as compared with the pure dephasing rate [14, 40–
42]. Given a dephasing rate of 100 kHz, e.g. for NV
center spins in diamond, the effective decoherence rate
can be reduced to ∼ 1 kHz, which may be much smaller
than the coupling strength g.
A. Intrinsic spin dephasing
In order to highlight the individual effects of the two
decoherence channels on the gate fidelity, we will treat
them separately here, starting with the case of only spin
dephasing, i.e. γ = 0. Although it is possible, as we
will see, to derive an analytic expression for the time
evolution of the initial state ̺(0) = µth|0〉〈0|, the de-
phasing given by the superoperator (29) lifts the confine-
ment of the dynamics to the protected subspace spanned
by |0〉 and |1〉. The dephasing additionally populates
the density operator elements |G〉〈G| and |E〉〈E|, with
|G〉 = |−〉1|−〉2 and |E〉 = |+〉1|+〉2. In Appendix C
we use the spectral decomposition of the Liouville opera-
tor [43, 44] to show that the reduced spin density operator
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FIG. 4: (a) Fidelity of the initial spin state |0〉 under spin
dephasing for the dephasing rates Γ = 2.5 · 10−5δ (solid), Γ =
5 · 10−5δ (diamonds), and Γ = 10−4δ (circles). (b) Fidelity of
the initial spin state |0〉 under mechanical damping with the
two rates γ = 10−4δ (solid) and γ = 10−3δ (circles). For both
(a) and (b), the mean thermal occupation of the oscillator is
n¯ = 2 and we chose the coupling ratio α = 1/20. The time is
given in units of the Rabi period τ .
has the form
ρ(t) =FS(t)|0〉〈0|+
[
1− FS(t)− 1
4
(
1− e−2Γt)]|1〉〈1|
+ e−ΓtS(t)ςy +
1
4
(
1− e−2Γt)[|E〉〈E|+ |G〉〈G|],
(31)
where FS(t) is the fidelity under spin dephasing given by
FS(t) =
1
4
(
1 + e−2Γt
)
+ e−ΓtC(t) (32)
with the same functions C(t) and S(t) as defined in
Eqs. (16) and (17). The steady state of the dynamics
under spin dephasing is the fully mixed two-qubit state,
yielding the long-time limit FS(t) → 1/4. Figure 4(a)
shows the impact of the spin dephasing on the fidelity
for three different values of Γ for the parameters n¯ = 2
and α = 1/20.
B. Mechanical damping
Also for the case of strictly mechanical damping, i.e.
Γ = 0, it is possible to derive the dynamics of the initial
state ̺(0) = µth|0〉〈0| analytically with the same meth-
ods, as shown in App. D. The time evolution of the re-
duced spin density matrix ρ(t) reads
ρ(t) =FM(t)|0〉〈0|+ [1− FM(t)]|1〉〈1|+ SM(t)ςy, (33)
where the fidelity FM(t) and the coherence SM(t) under
mechanical damping are given by
FM(t) =
1
2
+
1
2
Re{Y (t)}, (34)
SM(t) = −1
2
Im{Y (t)} (35)
with the function Y (t) defined in the appendix, see
Eq. (D14). In Fig. 4(b) we show the fidelity under me-
chanical damping for the same parameters, n¯ = 2 and
α = 1/20, for two values of the damping rate γ. Here,
it is apparent that the direct influence of the mechani-
cal relaxation on the entangling gate is rather small and
can thereby be neglected for the evaluation of the gate
fidelity, a fact also found in a different proposal for an
entangling gate using a thermal oscillator [45].
C. Fidelity estimation
As it can be seen in Fig. 4(b), the fidelity under me-
chanical damping is almost unity due to the smallness of
the parameter α, since the effective spin relaxation rate
induced by the dissipation of the mechanical oscillator is
given by Γs = α
2γ. We can thus neglect this contribution
and estimate the infidelity induced by thermal effects and
spin dephasing from Eqs. (32). The infidelity
δF ≈ 1− FS(τ) (36)
of the above entangling gate can then be estimated as
δF ≈ 16α4π2n¯(2n¯+ 1) + πΓ
(α2 − 2α4)δ , (37)
where the first term comes from the thermal effect and
the second term arises from the spin dephasing.
It can be seen that the thermal effect of the mechan-
ical oscillator, as shown in the first term in the above
equation, is suppressed by a factor of O(α4). The spin
dephasing is suppressed by continuous dynamical decou-
pling, and thus its influence on the fidelity of the entan-
gling gate can also be efficiently suppressed. In Fig. 4(a),
we verify our estimation of the gate infidelity of the Rabi
oscillation between the two-qubit states |0〉 and |1〉 as-
suming decoherence parameters Γ and γ that are realistic
in experiments. It can also be seen that the gate fidelity
can reach up to 90%, achieved even with a relative high
phonon number and under the influence of the dissipation
of the mechanical oscillator and the spin dephasing.
7VI. DISCUSSION AND CONCLUSION
The present idea may be applied to general hybrid sys-
tems of (artificial) atoms and a mechanical oscillator.
As a specific example, we assume a mechanical oscilla-
tor with a resonance frequency ν = (2π)1 MHz [46], and
a coupling strength g = (2π)100 kHz. These param-
eters are achievable for a hybrid system of NV center
spins in diamond and a mechanical oscillator, such as
cantilevers or nanotubes [14, 19]. We choose the value
of the detuning as δ = (2π)4 MHz to satisfy the condi-
tion α = 1/40 ≪ 1. For a mechanical quality factor of
Q = 4·103, which is even lower than in experimental real-
izations [47–49], we have the dissipation rate γ = (2π)10
kHz. For NV center spins, the extended coherence time
can reach up to millisecond, and the effective decoherence
rate can be estimated as Γ ∼ (2π)100 Hz with continuous
dynamical decoupling methods [50]. Using these param-
eters, our results show that the entangling gate fidelity
can reach 94% even when the mechanical oscillator is in a
thermal state with an average phonon number of n¯ = 10.
To summarize, we have proposed a new method to
drastically suppress the thermal effect of a mechanical
oscillator in a hybrid system where the spin-spin inter-
action is mediated by a harmonic oscillator. With the
mechanical oscillator as a mediator, it is possible to im-
plement a robust entangling gate between two solid-state
spin qubits. Our scheme combines the advantages of con-
tinuous dynamical decoupling and decoherence-free sub-
spaces. With our detailed investigation we show that
the fidelity of the entangling gate can be sufficiently high
even with a relatively large average phonon number. The
scheme thus provides a way towards the implementation
of scalable quantum information processing in solid-state
architectures.
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Appendix A: Effective Hamiltonian
We start with the Hamiltonian (5), where we consider
the resonant case ∆k = 0 for reasons of convenience.
Additionally, we consider a uniform coupling gk = g and
detuning δk = δ. In order to cast the following expansion
in a more comprehensive form we introduce the collective
spin operators Sz =
∑
k σ
(k)
z and S± =
∑
k σ
(k)
± as well as
the two operators J± = aS+ ± a†S−. With the coupling
ratio α = g/δ defined in the main text, we can write
Hamiltonian (5) in the frame rotating at the oscillator
frequency ν as
H = ~δ
[
1
2
Sz + αJ+
]
. (A1)
The transformation to the dispersive frame is a frequently
used tool to treat this kind of Hamiltonian in the regime
α ≪ 1 [30–32, 36, 38]. Although this method is well
established, we nevertheless repeat the basic steps here
for the sake of completeness. It is achieved by the uni-
tary transform exp[αJ−]. Using the Baker-Campbell-
Hausdorff formula, the Hamiltonian transforms accord-
ing to
eαJ−He−αJ− =
∞∑
n=0
αn
n!
[J−, H ]n (A2)
with the nested commutators [X,Y ]n+1 = [X, [X,Y ]n],
where [X,Y ]0 = Y . This allows to conveniently trun-
cate the transform at a given order of α. Realizing that
[J−, Sz/2] = −J+ leads to a vanishing first order and
allows us to separate the remaining orders of α as
eαJ−He−αJ− =
~δ
2
Sz +
∞∑
n=2
H
(n)
eff (A3)
with the nth order effective Hamiltonian
H
(n)
eff = α
n
~δ
n− 1
n!
[J−, J+]n−1 (A4)
for n ≥ 2. The second order effective Hamiltonian simply
reads
H
(2)
eff =
α2~δ
2
[(2a†a+ 1)Sz + S+S− + S−S+]. (A5)
Evaluating the next commutators of Eq. (A4) then yields
the fourth order effective Hamiltonian (9) in the pro-
tected subspace.
The same effective Hamiltonian can also be derived us-
ing the Magnus expansion [51] or similar methods [35].
As mentioned in the main text, for the case of a non-
vanishing detuning ∆k ≫ Ωk one obtains an additional
ac Stark shift due to the driving field, see Eq. (6). On a
further note, one has to keep in mind that although the
Hamiltonian was transformed into the dispersive frame
the contributions of the transform to the density op-
erator are usually neglected. These contributions are
rather small but manifest themselves in slight discrepan-
cies when comparing the exact time evolution with the
one in the dispersive frame, such as the small oscillations
in the exact fidelity curve as highlighted in the inset of
Fig. 2.
Appendix B: Gate fidelity without thermal
protection
Without thermal protection, i.e., if the logical qubits
are encoded in single physical qubits, the thermal effect
8takes place in the second order of α term
Hth =
α2~δ
2
(2a†a+ 1)Sz. (B1)
In order to estimate the entangling gate fidelity in this
case, we use single-qubit states which do not lie within
the decoherence-free subspace. For the case of an oscil-
lator Fock state |n〉, this leads to a spin phase flip
|+〉|−〉 → −|+〉|−〉,
|+〉|a〉 → βn|+〉|a〉,
|a〉|+〉 → β∗n|a〉|+〉,
|a〉|a〉 → |a〉|a〉.
(B2)
Here, the phase βn is the phase accumulated by the state
|+〉, which after the approximate flip time τ ≈ π/α2δ is
given by
βn = e
−i(2n+1)pi/2. (B3)
For the initial state |ψn(0)〉 = |φ(0)〉|n〉, with |φ(0)〉 =
(|+〉+ |a〉)⊗ (|−〉+ |a〉) /2, we easily find the spin state
|φn(τ)〉 = 1
2
[− |+〉|−〉+ βn|+〉|a〉+ β∗n|a〉|−〉+ |a〉|a〉].
(B4)
To evaluate the effects of n on this entangling process,
we compare the state |φn(τ)〉 with |φ0(τ)〉. For a thermal
oscillator state with mean phonon number n¯, the fidelity
losses can then be evaluated by
δF
(2)
th = 1− (1− q)
∞∑
n=0
qn |〈φn(τ)|φ0(τ)〉|2 = n¯
(2n¯+ 1)
,
(B5)
which is greatly influenced by the thermal occupation n¯
of the mechanical oscillator as compared to our thermally
protected result given by Eq. (27).
Appendix C: Dynamics under spin dephasing
The time evolution of the system undergoing spin de-
phasing obeys the master equation ∂̺/∂t = L̺ with the
Liouville operator
L̺ =− iδ[f(a†a)(σ(1)+ σ(2)− + σ(1)− σ(2)+ ), ̺]
+
Γ
2
[
σ(1)x ̺σ
(1)
x + σ
(2)
x ̺σ
(2)
x − 2̺
]
. (C1)
1. Damping basis
To solve this equation, we employ the spectral decom-
position of the Liouville operator L, details on the appli-
cation of this technique to solve master equations of the
Lindblad type can be found in Refs. [43, 44, 52, 53]. The
mechanical initial state µth is diagonal in the Fock basis,
making it unnecessary to find the full eigensystem of L.
We therefore focus on the subset of eigenelements that
are also diagonal. We make the ansatz
ˆ̺n,j = |n〉〈n|ρˆj , (C2)
which upon substitution into the eigenvalue equation
L ˆ̺n,j = λn,j ˆ̺n,j leads to the condition
λn,j ρˆj =− if(n)δ[σ(1)+ σ(2)− + σ(1)− σ(2)+ , ρˆj]
+
Γ
2
[
σ(1)x ρˆjσ
(1)
x + σ
(2)
x ρˆjσ
(2)
x − 2ρˆj
]
. (C3)
The relevant eigenvalues and the corresponding right
eigenelements solving this eigenvalue problem are sum-
marized in the table below.
λn,j
λn,1 = 0
λn,z = −2Γ
λn,± = ∓2if(n)δ − Γ
ρˆλ
ρˆ1 = 1/4
ρˆz = σ
(1)
z σ
(2)
z /4
ρˆ± = (σ
(1)
z − σ
(2)
z )/16
±i(σ
(1)
x σ
(2)
y − σ
(1)
y σ
(2)
x )/16
Here, the 1 in the eigenelement ρˆ1 stands for the unity op-
erator on the two-qubit Hilbert space. The correspond-
ing left eigenelements are given by ˇ̺n,j = |n〉〈n|ρˇj with
ρˇ1 = 4ρˆ1, ρˇz = 4ρˆz, and ρˇ± = 16ρˆ∓. They can ei-
ther be constructed by using the orthogonality relation
Tr{ρˇj ρˆk} = δj,k or by solving the eigenvalue equation of
the adjoint superoperator L‡ [44].
2. Time evolution
The time evolution of our initial state ̺(0) = µth|0〉〈0|
is then formally given by
̺(t) =
∞∑
n=0
∑
j=1,z,±
cn,je
λn,jt|n〉〈n|ρˆj (C4)
with the expansion coefficients cn,j = Tr{ ˇ̺n,j|n〉〈n|̺(0)}.
Their explicit form is easily derived and reads cn,1 =
(1 − q)qn, cn,z = −cn,1, and cn,± = 2cn,1. This leads to
the state
̺(t) =
1
4
µth
(
1 + e−2Γtσ(1)z σ
(2)
z
)
+
1− q
4
e−Γt
×
∞∑
n=0
|n〉〈n|
{
cos(2f(n)δt)
[
σ(1)z − σ(2)z
]
− sin(2f(n)δt)[σ(1)x σ(2)y − σ(1)y σ(2)x ]
}
(C5)
which, upon taking the partial trace over the oscillator
and using the identity (14), yields the reduced spin den-
sity operator (31), which is given in terms of the states
|0〉, |1〉, |G〉 and |E〉 in the main text.
9Appendix D: Dynamics under mechanical damping
The Liouville operator of the master equation ∂̺/∂t =
L̺ describing the dynamics under mechanical damping
has the form
L̺ = −iδ[f(a†a)ςx, ̺]+DM̺. (D1)
1. Damping basis
Here, again we do not present the full eigensystem of L
but merely sketch the derivation of the eigenelements rel-
evant for separable initial states whose mechanical den-
sity operator is diagonal in the Fock basis [54]. The
relevant subset can be grouped into two sets. For the
eigenelements of the first set we make the ansatz
ˆ̺µ,±,n =
1
2
[1± ςx] µˆn, (D2)
ˇ̺µ,±,n =
1
2
[1∓ ςx] µˇn. (D3)
For the diagonal mechanical operators µˆn we thereby
find the eigenvalue problem DMµˆn = Λµ,±,nµˆn. This
is nothing but the eigenvalue equation of the damped
harmonic oscillator, whose solutions µˆn, alongside their
left eigenelements µˇn, with the corresponding eigenvalues
Λµ,±,n = −nγ, can be found in Ref. [43].
For the second set we make the ansatz
ˆ̺η,±,n =
1
4
[ςz ± iςy] ηˆ±,n, (D4)
ˇ̺η,±,n = [ςz ∓ iςy] ηˇ±,n. (D5)
Substituting this ansatz into the eigenvalue equation of L
for the eigenvalue Λη,±,n yields the new eigenvalue prob-
lem
Kηˆ±,n = [Λη,±,n ∓ ig¯ + γn¯]ηˆ±,n, (D6)
for the mechanical operators ηˆ±,n, where the superoper-
ator K is defined by its action
Kη =
[
∓4iα4δ − γ
2
(2n¯+ 1)
] {
a†a, η
}
+ γ(n¯+ 1)aηa† + γn¯a†ηa, (D7)
with the anticommutator {·, ·}. The eigenvalue equation
of K can be solved by transforming it into the associated
Fokker-Planck equation [55]. Again, the left eigenele-
ments can be derived by solving the same problem for
the adjoint operator K‡. As mentioned before, a detailed
derivation will be given elsewhere, and we merely give
the resulting eigenvalues and eigenelements
Λη,±,n =± ig¯ − nγ(A+ 2ξ)− γ(ξ − 1), (D8)
ηˆ±,n =
(A+ 2ξ)(n¯+ 1− ξ)
n¯(n¯+ 1)
[
n¯+ 1− ξ
n¯+ 1 +A+ ξ
]n
×
: Ln
(
A+ 2ξ
n¯+ 1
a†a
)
e−
ξ
n¯+1
a†a :, (D9)
ηˇ±,n = : Ln
(
A+ 2ξ
n¯
a†a
)
e−
ξ−1
n¯
a†a : . (D10)
Here, : · : denotes normal ordering of the expres-
sion enclosed by colons, Ln(x) are the Laguerre poly-
nomials, and we introduced the abbreviations ξ =[√
A2 + 4B −A] /2, A = [±8iα4δ − γ]/γ, as well as
B = [±8iα4(n¯+ 1)δ]/γ.
2. Time evolution
With the necessary eigenelements at hand we can pro-
ceed to evaluate the time evolution of the system, for-
mally given by
̺(t) =
∑
j=µ,η
∑
k=±
∞∑
n=0
cj,k,ne
Λj,k,nt ˆ̺j,k,n. (D11)
Evaluating the overlap of the initial state with eigenele-
ments, viz. cj,±,n = Tr{ ˇ̺j,±,n̺(0)} for j = µ, η, yields
the state
̺(t) =
1
2
µth +
{
∞∑
n=0
[
−A+ ξ
ξ
]n
eΛη,+,nt
ξ
ˆ̺η,+,n +H.c.
}
(D12)
which upon taking the partial trace over the oscillator
and evaluating the sum over n gives the reduced spin
density operator
ρ(t) =
1
2
+
1
2
Re{Y (t)}ςz − 1
2
Im{Y (t)}ςy. (D13)
Here, we introduced the function Y (t) we used in
Eqs. (34) an (35) of the main text, which is given by
Y (t) =
e(2iα
2δ+γ/2)t
e−(A+2ξ)γt/2 + y sinh ([A+ 2ξ]γt/2)
(D14)
with y = 2(n¯+ 1 +A+ ξ)ξ2/(n¯+ 1)(A+ 2ξ).
[1] A. Einstein, B. Podolsky, and N. Rosen, Can Quantum-
Mechanical Description of Physical Reality Be Consid-
ered Complete?, Phys. Rev. 47, 777 (1935).
[2] E. Schro¨dinger, Die gegenwa¨rtige Situation in der Quan-
tenmechanik, Naturwiss. 23, 807 (1935).
[3] R. Horodecki, P. Horodecki, M. Horodecki,
10
and K. Horodecki, Quantum entanglement,
Rev. Mod. Phys. 81, 865 (2009).
[4] A. K. Ekert, Quantum cryptography based on Bells the-
orem, Phys. Rev. Lett. 67, 661 (1991).
[5] D. S. Naik, C. G. Peterson, A. G. White, A. J.
Berglund, and P. G. Kwiat, Entangled State Quantum
Cryptography: Eavesdropping on the Ekert Protocol,
Phys. Rev. Lett. 84, 4733 (2000).
[6] W. Tittel, J. Brendel, H. Zbinden, and N. Gisin, Quan-
tum Cryptography Using Entangled Photons in Energy-
Time Bell States, Phys. Rev. Lett. 84, 4737 (2000).
[7] J. Barrett, L. Hardy, and A. Kent, No
Signaling and Quantum Key Distribution,
Phys. Rev. Lett. 95, 010503 (2005).
[8] R. Ursin, F. Tiefenbacher, T. Schmitt-Manderbach, H.
Weier, T. Scheidl, M. Lindenthal, B. Blauensteiner, T.
Jennewein, J. Perdigues, P. Trojek, B. O¨mer, M. Fu¨rst,
M. Meyenburg, J. Rarity, Z. Sodnik, C. Barbieri, H. We-
infurter, and A. Zeilinger, Entanglement-based quantum
communication over 144km, Nat. Phys. 3, 481 (2007).
[9] V. Giovannetti, S. Lloyd, L. Maccone, Quantum Metrol-
ogy, Phys. Rev. Lett. 96, 010401 (2006).
[10] M. A. Nielsen and I. L. Chuang, Quantum Computation
and Quantum Information (Cambridge University Press,
Cambridge, 2003).
[11] M. J. Bremner, C. M. Dawson, J. L. Dodd, A.
Gilchrist, A. W. Harrow, D. Mortimer, M. A. Nielsen,
and T. J. Osborne, Practical Scheme for Quantum
Computation with Any Two-Qubit Entangling Gate,
Phys. Rev. Lett. 89, 247902. (2002).
[12] L.-M. Duan, J. I. Cirac, and P. Zoller, Geometric Ma-
nipulation of Trapped Ions for Quantum Computation,
Science 292, 1695 (2001).
[13] B. Rogers, N. Lo Gullo, G. De Chiara,
G. M. Palma, and M. Paternostro, Hybrid
optomechanics for Quantum Technologies,
Quantum Meas. Quantum Metrol. 2, 11 (2014).
[14] P. Rabl, P. Cappellaro, M. V. Gurudev Dutt, L. Jiang,
J. R. Maze, M. D. Lukin, Strong magnetic coupling be-
tween an electronic spin qubit and a mechanical res-
onator, Phys. Rev. B 79, 041302(R) (2009).
[15] P. Rabl, S. J. Kolkowitz, F. H. L. Koppens, J. G. E. Har-
ris, P. Zoller, and M. D. Lukin, A quantum spin trans-
ducer based on nanoelectromechanical resonator arrays,
Nat. Phys. 6, 602 (2010).
[16] O. Arcizet, V. Jacques, A. Siria, P. Poncharal, P. Vincent,
and S. Seidelin, A single nitrogen-vacancy defect coupled
to a nanomechanical oscillator, Nat. Phys. 7, 879 (2011).
[17] S. Kolkowitz, A. C. Bleszynski Jayich, Q. P. Unterrei-
thmeier, S. D. Bennett, P. Rabl, J. G. E. Harris, M. D.
Lukin, Coherent Sensing of a Mechanical Resonator with
a Single-Spin Qubit, Science 30, 1603 (2011).
[18] Z.-Q. Yin, N. Zhao, T. Li, Hybrid opto-
mechanical systems with nitrogen-vacancy centers.
Sci. China Phys. Mech. Astron. 58, 050303 (2015).
[19] P.-B. Li, Z.-L. Xiang, P. Rabl, and F. Nori, Hy-
brid Quantum Device with Nitrogen-Vacancy Cen-
ters in Diamond Coupled to Carbon Nanotubes,
Phys. Rev. Lett. 117, 015502 (2016).
[20] I. Wilson-Rae, N. Nooshi, W. Zwerger, and T. J.
Kippenberg, Theory of Ground State Cooling of a
Mechanical Oscillator Using Dynamical Backaction,
Phys. Rev. Lett. 99, 093901 (2007).
[21] J. Chan, T. P. Mayer Alegre, A. H. Safavi-Naeini,
J. T. Hill, A. Krause, S. Gro¨blacher, M. As-
pelmeyer, and O. Painter, Laser cooling of a nanome-
chanical oscillator into its quantum ground state,
Nature (London) 478, 89 (2011).
[22] A. Schliesser, P. DelHaye, N. Nooshi, K. J. Vahala, and
T. J. Kippenberg, Radiation Pressure Cooling of a Mi-
cromechanical Oscillator Using Dynamical Backaction,
Phys. Rev. Lett. 97, 243905 (2006).
[23] A. Schliesser, R. Rivie`re, G. Anetsberger, O. Arcizet,
and T. J. Kippenberg, Resolved-sideband cooling of a
micromechanical oscillator, Nat. Phys. 4, 415 (2008).
[24] J. D. Teufel, T. Donner, D. Li, J. W. Harlow, M. S.
Allman, K. Cicak, A. J. Sirois, J. D. Whittaker, K.
W. Lehnert, and R. W. Simmonds, Sideband cooling of
micromechanical motion to the quantum ground state,
Nature 475, 359 (2011).
[25] A. Sørensen and K. Mølmer, Quantum Com-
putation with Ions in Thermal Motion,
Phys. Rev. Lett. 82, 1971 (1999).
[26] J.-M. Cai, I. Cohen, A. Retzker, and M. B. Plenio, Pro-
posal for high-fidelity quantum simulation using a hybrid
dressed state, Phys. Rev. Lett. 115, 160504 (2015).
[27] M. Tavis and F. W. Cummings, Exact Solu-
tion for an N-Molecule¯Radiation-Field Hamiltonian,
Phys. Rev. 170, 379 (1968).
[28] B. Arash and Q. Wang, Vibration of
Single- and Double-Layered Graphene Sheets,
J. Nanotechnol. Eng. Med. 2, 011012 (2011).
[29] S. Arghavan and A. V. Singh, Free Vibra-
tion of Single Layer Graphene Sheets: Lat-
tice Structure Versus Continuum Plate Theories,
J. Nanotechnol. Eng. Med. 2, 031005 (2012).
[30] S. D. Bennett, N. Y. Yao, J. Otterbach, P. Zoller, P.
Rabl, and M. D. Lukin, Phonon-Induced Spin-Spin In-
teractions in Diamond Nanostructures: Application to
Spin Squeezing, Phys. Rev. Lett. 110, 156402 (2013).
[31] A. Blais, R.-S. Huang, A. Wallraff, S. M. Girvin, and
R. J. Schoelkopf, Cavity quantum electrodynamics for
superconducting electrical circuits: An architecture for
quantum computation, Phys. Rev. A 69, 062320 (2004).
[32] L. C. G. Govia and F. K. Wilhelm, Entanglement gener-
ated by the dispersive interaction: The dressed coherent
state, Phys. Rev. A 93, 012316 (2016).
[33] A. A. Clerk and D. W. Utami, Using a qubit to measure
photon-number statistics of a driven thermal oscillator,
Phys. Rev. A 75, 042302 (2007).
[34] C. Rigetti, J. M. Gambetta, S. Poletto, B. L. T. Plourde,
J. M. Chow, A. D. Co´rcoles, J. A. Smolin, S. T. Merkel,
J. R. Rozen, G. A. Keefe, M. B. Rothwell, M. B.
Ketchen, and M. Steffen, Superconducting qubit in a
waveguide cavity with a coherence time approaching 0.1
ms, Phys. Rev. B 86, 100506 (2012).
[35] D. F. James, J. Jerke, Effective Hamiltonian the-
ory and its applications in quantum information,
Can. J. Phys. 85, 625 (2007).
[36] D. Zueco, G. M. Reuther, S. Kohler, and P. Ha¨nggi,
Qubit-oscillator dynamics in the dispersive regime: An-
alytical theory beyond the rotating-wave approximation,
Phys. Rev. A 80, 033846 (2009).
[37] K. Mølmer and A. Sørensen, Multiparticle Entanglement
of Hot Trapped Ions, Phys. Rev. Lett. 82, 1835 (1999).
[38] M. Boissonneault, J. M. Gambetta, and A.
Blais, Dispersive regime of circuit QED: Photon-
dependent qubit dephasing and relaxation rates,
11
Phys. Rev. A 79, 013819 (2009).
[39] L. C. G. Govia and F. K. Wilhelm, Unitary-Feedback-
Improved Qubit Initialization in the Dispersive Regime,
Phys. Rev. Applied 4, 054001 (2015).
[40] J. Cai, B. Naydenov, R. Pfeiffer, L. McGuinness, K.
Jahnke, F. Jelezko, M. Plenio, and A. Retzker, Ro-
bust dynamical decoupling with concatenated continuous
driving, New J. Phys. 14, 113023 (2012).
[41] I. Cohen, N. Aharon, and A. Retzker, Continuous dy-
namical decoupling utilizing time-dependent detuning,
Fortschr. Phys. 65, 1600071 (2016).
[42] D. Farfurnik, N. Aharon, I. Cohen, Y. Hovav, A. Ret-
zker, and N. Bar-Gill, Experimental realization of time-
dependent phase-modulated continuous dynamical de-
coupling, Phys. Rev. A 96, 013850 (2017).
[43] H.-J. Briegel and B.-G. Englert, Quantum opti-
cal master equations: The use of damping bases,
Phys. Rev. A 47, 3311 (1993).
[44] S. M. Barnett and S. Stenholm, Spectral decomposition
of the Lindblad operator, J. Mod. Opt. 47, 2869 (2000).
[45] M. J. A. Schuetz, G. Giedke, L. M. K. Vandersypen,
and J. I. Cirac, High-fidelity hot gates for generic spin-
resonator systems, Phys. Rev. A 95, 052335 (2017).
[46] C. A. Muschik, S. Moulieras, A. Bachtold, F. H. L. Kop-
pens, M. Lewenstein, and D. E. Chang, Harnessing Vac-
uum Forces for Quantum Sensing of Graphene Motion,
Phys. Rev. Lett. 112, 223601 (2014).
[47] P. Weber, J. Gu¨ttinger, I. Tsioutsios, D. E. Chang,
and A. Bachtold, Coupling Graphene Mechanical
Resonators to Superconducting Microwave Cavities,
Nano Lett. 14, 2854 (2014).
[48] M. Will, M. Hamer, M. Mu¨ller, A. Noury, P. We-
ber, A. Bachtold, R. V. Gorbachev, C. Stampfer,
and J. Gu¨ttinger, High Quality Factor Graphene-
Based Two-Dimensional Heterostructure Mechanical
Resonator, Nano Lett. 17, 5950 (2017).
[49] C. Reinhardt, T. Mller, A. Bourassa, and J. C. Sankey,
Ultralow-Noise SiN Trampoline Resonators for Sensing
and Optomechanics, Phys. Rev. X 6, 021001 (2016).
[50] B. Naydenov, F. Dolde, L. T. Hall, C. Shin, H. Fed-
der, L. C L. Hollenberg, F. Jelezko, and J. Wrachtrup,
Dynamical decoupling of a single-electron spin at room
temperature, Phys. Rev. B 83, 081201(R) (2011).
[51] S. Blanes, F. Casas, J. A. Oteo, and J. Ros,
The Magnus expansion and some of its applications,
Phys. Rep. 470, 151 (2009).
[52] R. Betzholz, J. M. Torres, and M. Bienert, Quantum
optical master equation for solid-state quantum emitters,
Phys. Rev. A 90, 063818 (2014).
[53] J. M. Torres, Closed-form solution of
Lindblad master equations without gain,
Phys. Rev. A 89, 052133 (2014).
[54] R. Betzholz et al. (unpublished).
[55] H. Risken, The Fokker-Planck Equation (Springer,
Berlin, 1996).
